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1. INTRODUCTION {#cas14162-sec-0001}
===============

Ovarian cancer accounts for 2% of cancers that affect women worldwide.[1](#cas14162-bib-0001){ref-type="ref"} More than 90% of ovarian cancer is of epithelial origin.[2](#cas14162-bib-0002){ref-type="ref"} According to the latest cancer statistics from the United States, ovarian cancer is the 11th most common cancer among women in the United States; however, its mortality ranks 5th among cancer‐related deaths and has always been the highest among gynecological cancers.[3](#cas14162-bib-0003){ref-type="ref"} The poor outcomes among these patients are partly due to the frequent occurrence of dissemination before there is a diagnosis. Indeed, clinical reports indicate that more than 60% of all cases of ovarian cancer are diagnosed at an advanced stage, which is characterized by extensive invasion and metastasis. The metastases normally proliferate rapidly and show a high incidence of chemoresistance[4](#cas14162-bib-0004){ref-type="ref"}; this, in turn, leads to a 5‐year survival rate for these patients of less than 29%.[3](#cas14162-bib-0003){ref-type="ref"}

The precise molecular mechanisms that promote ovarian cancer dissemination remain undefined. Nevertheless, it is becoming clear that ovarian cancer can disseminate passively by movement of peritoneal fluid in the abdominal cavity.[5](#cas14162-bib-0005){ref-type="ref"} Therefore, the task of ovarian cancer metastasis appears to be easier than that of the classic pattern of hematogenous metastasis, which has been well studied for most other solid cancers.[6](#cas14162-bib-0006){ref-type="ref"} In addition, ovarian cancer is often accompanied by malignant ascites, which can be found in more than one‐third of patients at the time of diagnosis and in almost all patients at recurrence.[7](#cas14162-bib-0007){ref-type="ref"}, [8](#cas14162-bib-0008){ref-type="ref"} The forming ascites further provides a complicated liquid environment that not only accelerates transportation of cancer cells to distant sites but also supports their survival before implantation.[9](#cas14162-bib-0009){ref-type="ref"}, [10](#cas14162-bib-0010){ref-type="ref"}, [11](#cas14162-bib-0011){ref-type="ref"} Although it is easy to spread intra‐abdominally, the detached ovarian cancer cells still need to overcome multiple challenges, such as evading anoikis, invading the mesothelium for implantation, inducing angiogenesis and undergoing proliferative outgrowth, in order to form metastatic tumors.[5](#cas14162-bib-0005){ref-type="ref"}, [9](#cas14162-bib-0009){ref-type="ref"} Any increase in the ability to carry out any of the above steps will greatly promote the malignancy of a given ovarian cancer.

It has been widely accepted that tumor masses contain heterogeneous subpopulations of cancer cells and these subpopulations have different potentials in terms of malignancy.[12](#cas14162-bib-0012){ref-type="ref"}, [13](#cas14162-bib-0013){ref-type="ref"}, [14](#cas14162-bib-0014){ref-type="ref"} Thus, it can be postulated that the outcome of ovarian cancer metastasis may result from the survival and expansion of specialized colonies with particular properties that preexist in the parental tumor and have then undergone multiple selective steps. However, how these specialized colonies evolve to adapt to the abdominal microenvironment and to interact with the tissue at the metastatic sites remain unclear. To explore the molecular mechanisms in these events, in the present study we established a relevant in vivo model for selecting metastatic populations of ovarian cancer cells. Microarray and differential gene expression analysis of these cells indicate that autophagy is able to promote ovarian cancer malignancy. Therefore, animal experiments, cell‐based characterization and gene correlation with patient survival were carried out at a later stage of this research.

2. MATERIALS AND METHODS {#cas14162-sec-0002}
========================

2.1. Cell lines and reagents {#cas14162-sec-0003}
----------------------------

A2780 and SKOV‐3 cells were originally obtained from ATCC. NIH:OVCAR‐3 was purchased from the Bioresource Collection and Research Center, Taiwan. DMEM medium, RPMI 1640 medium, penicillin and streptomycin were purchased from Invitrogen. Rabbit anti--microtubule associated protein 1 light chain 3 (LC3) antibody, rabbit anti--p62 (SQSTM1) antibody and rabbit anti--ATG5 antibody were purchased from GeneTex. 3‐methyladenine was purchased from Cayman Chemical. Other chemicals and reagents unless noted otherwise were purchased from Sigma. The lentivirus containing sh*ATG5* (clone TRCN0000151474) was kindly provided by Dr Sheng‐Hui Lan from National Yang‐Ming University.

2.2. Animal ethics and treatments {#cas14162-sec-0004}
---------------------------------

BALB/c nude female mice (6‐8 weeks old) were purchased from BioLASCO. All the in vivo experiments were approved by the Institutional Animal Care and Use Committee of the National Yang‐Ming University (approval number: 1011231).

To establish the in vivo selection model, ovarian cancer cells were harvested, washed and adjusted to appropriate numbers in PBS. For selection of metastases, A2780 (1 x 10^7^ cells), SKOV‐3 (1 x 10^7^ cells) or NIH:OVCAR‐3 (1 x 10^7^ cells) were injected intraperitoneally into female nude mice (n = 3). To increase the metastatic ability of NIH:OVCAR‐3, another strategy that used cancer spheroids was also tested. Briefly, NIH:OVCAR‐3 cells (4 x 10^6^ cells) were cultured in polyhydroxyethylmethacrylate‐coated Petri dishes for 3 days to allow formation of multicellular spheroids.[15](#cas14162-bib-0015){ref-type="ref"} The collected spheroids, containing 1 x 10^7^ cells, were used for intraperitoneal injection. To obtain tumor‐derived cancer cells, mice were killed at specific times after xenograft: 21 days for A2780, 35 days for SKOV‐3 and 49 days for NIH:OVCAR‐3. Peritoneal metastatic nodules were collected, minced and cultured. After 24 hours, the medium was refreshed to remove non‐adhered tissue debris and cells. Each subsequent intraperitoneal metastatic cell generation is designated M1, M2 and M3.

To further compare the peritoneal implantation ability between different generations of cancer cells, A2780 (1 x 10^6^ cells), SKOV‐3 (4 x 10^6^ cells), or their derived M3 generation was used for injection. To compare the subcutaneous growth ability of these cells, A2780 (5 x 10^5^ cells), SKOV‐3 (2 x 10^6^ cells), or their derived M3 generation was used for injection. The tumor volume was calculated using the formula 0.52 × length x width^2^ at indicated intervals. At the endpoints, the final volume of isolated tumors was measured.

2.3. RNA preparation, gene quantification and microarray {#cas14162-sec-0005}
--------------------------------------------------------

Total RNA from cancer cell lines were extracted by TRIzol (Invitrogen) according to the manufacturer\'s instructions. For gene quantification, cDNA were synthesized using High‐Capacity cDNA Reverse Transcription Kits (Life Technology) with oligo‐dT primer. Gene quantification was performed using Power SYBR Green PCR Master Mix (Life Technologies) and calculated using the 2^(−ΔCt)^ formula. The primer pairs used for gene quantification are shown in Table [S1](#cas14162-sup-0002){ref-type="supplementary-material"}. For microarray, total RNA were extracted from A2780 or A2780‐M3. Microarray was performed by the National Yang‐Ming University VYM Genome Research Center using Affymetrix GeneChip Human U133 Plus 2.0 Array. Results were analyzed by Ingenuity Pathway Analysis.

2.4. Bioinformatic analyses {#cas14162-sec-0006}
---------------------------

Gene set enrichment analysis (GSEA) analysis was performed using version 3.0 of GSEA run on all the gene sets in version 6.0 of the Molecular Signatures Database (MSigDB).[16](#cas14162-bib-0016){ref-type="ref"} To identify the differences between A2780 and A2780‐M3, all 8 major gene set collections, including hallmark (H), positional (C1), curated (C2), motif (C3), computational (C4), gene ontology (GO; C5), oncogenic (C6) and immunogenic gene sets (C7), were applied (<http://software.broadinstitute.org/gsea/msigdb/index.jsp>). *P *\<* *.05 is set as the cutoff for the significance level and a false discovery rate (FDR, *q*‐value) with ≤0.25 criterion is considered. Gene sets that passed the above thresholds were retained.

To analyze the correlation between expression of selected genes and survival data of ovarian cancer patients, Kaplan‐Meier Plotter (http://kmplot.com/analysis/)[17](#cas14162-bib-0017){ref-type="ref"} was applied. Briefly, the best specific probes (JetSet probes) for each gene were individually entered to obtain Kaplan‐Meier plots. Information on overall patient survival was extracted. Log‐rank analysis was used to determine statistical significance of the Kaplan--Meier survival curve (*P *\<* *0.05). Furthermore, information on hazard ratios (HR) with 95% confidence intervals was extracted.

2.5. Proliferation and anchorage‐independent growth assays {#cas14162-sec-0007}
----------------------------------------------------------

For the proliferation assay, A2780, SKOV‐3 or their sublines at indicated density were seeded in 48‐well plates. For low‐density condition, cells were detached and collected at specific intervals. Cell numbers were counted under microscope. For high‐density condition, cells were further incubated with 10% medium volume of AlamarBlue (AbD Serotec) at 37°C followed by detection of fluorescence intensities.

For the anchorage‐independent growth, cells were resuspended with growth medium and seeded in 24‐well dishes (2 × 10^3^ per well) that were pre‐coated with 30 mg/mL polyhydroxyethylmethacrylate. At specific intervals, cells were further incubated with 10% medium volume of AlamarBlue at 37°C followed by detection of fluorescence intensities.

2.6. Immunofluorescent staining, puncta quantification and western blotting {#cas14162-sec-0008}
---------------------------------------------------------------------------

For immunofluorescent staining, cells were cultured overnight on the coverslips precoated with 10% FBS. Cells were either serum‐starved or treated with 20 μmol/L cisplatin for indicated intervals. After fixation with 4% paraformaldehyde for 30 minutes at room temperature, cells were then incubated under permeable (0.5% Triton X‐100 in PBS) conditions for 5 minutes before further probing with primary antibodies against LC3 (1:100; GeneTex) or p62 (1:100; GeneTex) for 2 hours at room temperature followed by Alexa Fluor‐conjugated secondary antibodies (1:200; Life Technologies). Nuclei were counterstained with DAPI. The images were acquired using a Zeiss LSM 700 confocal microscope. For quantification of LC3‐II puncta formation, the number of punctate structures can be counted by using MetaMorph version 7.7 as the image analysis program.

For western blotting, cells collected at indicated intervals were lysed directly by sample buffer and sonicated for 5 seconds to fragmentate the genomic DNA. The above protein samples were boiled at 100°C for 5 minutes and analyzed by running 10% SDS‐PAGE. Western blotting was performed using specific antibody against LC3, p62, ATG5 or β‐actin.

2.7. Statistical analysis {#cas14162-sec-0009}
-------------------------

In the assays of gene quantification, cell proliferation and anchorage‐independent growth, each treatment condition was performed in triplicate in an experiment. Data are presented as means ± SD. At least 3 independent experiments were repeated and these showed similar results. Data from in vivo mice experiments are shown as means ± SD. The mouse number used in each group was indicated. For other assays, such as western blot assessment and puncta quantification, at least 3 independent experiments were conducted for data collection and the statistical results are shown as means ± SE. For comparison between 2 groups, the unpaired Student\'s *t* test was used. For comparison of multiple groups, one‐way ANOVA followed by Bonferroni post--test was used. For representative images of western blotting, at least 3 independent experiments showed similar results. No statistical method was used to predetermine sample size. No particular method of randomization was used in the experiments.

3. RESULTS {#cas14162-sec-0010}
==========

3.1. Selected metastatic sublines show more aggressiveness in vivo {#cas14162-sec-0011}
------------------------------------------------------------------

To select more malignant sublines of cancer cells, 3 human ovarian cancer cells were subjected to intraperitoneal selection in nude mice (Figure [1](#cas14162-fig-0001){ref-type="fig"}A). The selection cycle was repeated 3 times for A2780 and SKOV‐3 cells, and this yielded sublines that were designated A2780‐M3 and SKOV‐3‐M3, respectively. By way of contrast, NIH:OVCAR‐3 showed low metastatic ability in nude mice; this resulted in a failure in the selection of sublines through the same protocol.

![A2780‐M3 derived by in vivo selection show enhanced tumorigenicity. A, The in vivo intraperitoneal selection scheme. Ovarian cancer cell lines were injected intraperitoneally into nude mice. The peritoneal metastases were isolated, minced and grown in culture medium to obtain new cell colonies. The selection procedure was repeated and the metastatic generations derived from parental cells (P) were sequentially designated M1, M2 and M3. The derived cells were either used for functional characterization or subjected to array and bioinformatic analyses. B‐H, Comparison of the in vivo malignancy between A2780 and A2780‐M3, the third metastatic generation. To compare the peritoneal implantation ability, nude mice injected with cancer cells intraperitoneally were killed at day 24 (n = 6). All peritoneal metastases were collected and photographed (B). Number of tumors per mouse (C), individual tumor volume (D) and total tumor burden per mouse (E) were compared. To compare the tumorigenic ability between these 2 cell lines, nude mice were xenografted subcutaneously. Changes in the tumor volume (F) were measured every 3 days and the final volumes of tumors harvested at the endpoint (G) were compared. For each group, the isolated tumors from mice (n = 5 for A2780 and n = 6 for A2780‐M3) and a representative mouse at the endpoint were photographed (H). \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001](CAS-110-3204-g001){#cas14162-fig-0001}

To determine whether the selected cells are more aggressive, A2780‐M3, SKOV‐3‐M3 and their corresponding parental cells were injected intraperitoneally to compare their peritoneal implantation ability. In addition, these cells were xenografted subcutaneously to compare their tumorigenicity. Using the intraperitoneal metastasis model, there was no observable difference in the number of peritoneal metastases formed by A2780‐M3 and A2780 (Figure [1](#cas14162-fig-0001){ref-type="fig"}B,C). However, when comparing the size of harvested tumor nodules, it revealed that the individual tumor volume of the A2780‐M3 group was significantly higher than that of the A2780 control group (Figure [1](#cas14162-fig-0001){ref-type="fig"}D). The average tumor burden per mouse was also significantly increased for the A2780‐M3 group (Figure [1](#cas14162-fig-0001){ref-type="fig"}E). Using the subcutaneous injection model, the tumors formed by A2780‐M3 cells could be detected at day 9 after xenograft and the volumes of these tumors continued to increase in a time‐dependent manner. By way of contrast, no apparent tumor nodules could be observed when the A2780 control group was examined (Figure [1](#cas14162-fig-0001){ref-type="fig"}F). A further analysis of the final volume of the tumors harvested from the killed mice indicated that there is a significant increase in the A2780‐M3 group compared to its control (Figure [1](#cas14162-fig-0001){ref-type="fig"}G,H).

We also applied the same protocols to compare the changes in characteristics between SKOV‐3‐M3 and SKOV‐3 in vivo. Using the intraperitoneal metastasis model, the SKOV‐3‐M3 group yielded more metastatic nodules when compared to the SKOV‐3 control (18.0 ± 6.7 vs 10.5 ± 6.1; *P* \< 0.05) (Figure [S1](#cas14162-sup-0001){ref-type="supplementary-material"}A). In contrast to the above, there was no observable difference in the individual volume of the harvested tumors (Figure [S1](#cas14162-sup-0001){ref-type="supplementary-material"}B) or in the total tumor burden per mouse (Figure [S1](#cas14162-sup-0001){ref-type="supplementary-material"}C) between these 2 groups. Using the subcutaneous injection model, although the estimated tumor growth rate of the SKOV‐3‐M3 group was higher than that of the SKOV‐3 control, no significant difference can be observed in the final volume of tumors harvested at day 54 after xenograft (Figure [S1](#cas14162-sup-0001){ref-type="supplementary-material"}D and [S1](#cas14162-sup-0001){ref-type="supplementary-material"}E). Taken together, these results indicated that selected ovarian cancer cells show greater aggressiveness in some aspects in vivo compared to their parental controls; however, the changes in malignant behaviors that occur seem to vary along with the cell line used for selection. Specifically, the selected A2780 subline showed an increase in tumor growth ability, whereas the selected SKOV‐3 subline yielded more metastatic nodules during peritoneal dissemination.

3.2. Selected ovarian cancer cells show changes in different behaviors in vitro {#cas14162-sec-0012}
-------------------------------------------------------------------------------

Based on the above results, it seems that the selected cancer cells would vary in certain cell characteristics in vitro. Indeed, initially we were able to observe a morphological change in the selected A2780 subline. Whereas parental A2780 cells grew while adhering to the tissue culture dishes, A2780‐M3 cells tended to form clusters with a round cellular morphology (Figure [2](#cas14162-fig-0002){ref-type="fig"}A,B). In contrast, no apparent morphological difference could be observed between SKOV‐3 and SKOV‐3‐M3 (Figure [S2](#cas14162-sup-0001){ref-type="supplementary-material"}A).

![Characterization of the cell behaviors of parental and selected A2780 cells. A, Cells (5 x 10^4^ cells/cm^2^) plated on 2D culture dishes were cultured overnight and then photographed. B, The attached and floating cells in the above cultures were then separated to allow counting and the floating percentage was calculated. C, Anchorage‐independent growth assay. Cells were cultured in polyhydroxyethylmethacrylate‐coated plates for 2 days. The growth rates were compared using the AlamarBlue assay. The fluorescence value of the cells at day 0 served as the one‐fold control. D, E, Growth potency under different cell densities. Cells seeded at normal density (5 x 10^4^ cells/cm^2^) (D) or at high density (5 x 10^6^ cells/cm^2^) (E) were further cultured for different time intervals. The growth rates were compared by cell counting or the AlamarBlue assay. The cell number or fluorescence value of the cells at day 0 served as the one‐fold control values. F‐K, Cells seeded at high‐density condition (5 x 10^6^ cells/cm^2^) were further cultured for different intervals. The cell proliferation‐related genes, including *CCND1* (F)*, CCND2* (G) and *CCND3* (H), and the apoptosis‐related genes, including *BAD* (I)*, APAF1* (J) and *BCL2L1* (K), were quantified by real‐time PCR. Data were normalized against the *ACTB* level. Data are means ± SD. \**P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001](CAS-110-3204-g002){#cas14162-fig-0002}

Next, the cell growth abilities were compared using various assays. Using the anchorage‐independent growth assay, whereas A2780 and A2780‐M3 showed similar abilities (Figure [2](#cas14162-fig-0002){ref-type="fig"}C), SKOV‐3‐M3 exhibited a higher ability to undergo anchorage‐independent growth compared to SKOV‐3 (Figure [S2](#cas14162-sup-0001){ref-type="supplementary-material"}B); this is able to partially explain why SKOV‐3‐M3 cells form more metastases in the intraperitoneal dissemination model in vivo (Figure [S1](#cas14162-sup-0001){ref-type="supplementary-material"}A). However, it should be noted that, under the 2D‐culture condition, the growth rate of A2780‐M3 was similar to that of A2780 when the cells were plated at normal density (5 x 10^4^ cells/cm^2^) (Figure [2](#cas14162-fig-0002){ref-type="fig"}D). In contrast, A2780‐M3 grew much faster than A2780 when they were plated at high density (5 x 10^6^ cells/cm^2^) (Figure [2](#cas14162-fig-0002){ref-type="fig"}E). Nonetheless, when SKOV‐3 and SKOV‐3‐M3 were compared, they exhibited similar growth rates under either condition (Figure [S2](#cas14162-sup-0001){ref-type="supplementary-material"}C and [S2](#cas14162-sup-0001){ref-type="supplementary-material"}D).

We further investigated the potential mechanism by which A2780‐M3 had acquired higher growth ability under the stress from a high cell density. When A2780‐M3 was compared with parental A2780 in high‐density cultures, A2780‐M3 showed no apparent and consistent increase in the expression of various proliferation markers, such as *CCND1, CCND2* and *CCND3* (Figure [2](#cas14162-fig-0002){ref-type="fig"}F‐H). By way of contrast, in A2780‐M3, we were able to observe decreases in the expression of *BAD* and *APAF1*, which are the pro--apoptotic makers, as well as an increase in *BCL2L1*, an anti--apoptotic marker (Figure [2](#cas14162-fig-0002){ref-type="fig"}I‐K). Taken together, our findings suggest that A2780‐M3 displays an increased potential for anti--apoptosis, and that this might help to sustain their survival and growth when placed under high stress due to a high cell density.

3.3. Autophagy‐related genes are enriched in A2780‐M3 {#cas14162-sec-0013}
-----------------------------------------------------

The above findings suggest that A2780‐M3 shows conspicuous increases in tumorigenicity in vivo (Figure [1](#cas14162-fig-0001){ref-type="fig"}) and in anti--apoptotic growth ability in vitro (Figure [2](#cas14162-fig-0002){ref-type="fig"}). Therefore, we were particularly interested in pinpointing the molecular changes that underlie these phenomena. To do this, cDNA microarray (Affymetrix GeneChip Human Genome U133 Plus 2.0 Array) technology was first applied to determine which genes are differentially expressed between A2780‐M3 and its parental A2780. The dataset is available as Table [S2](#cas14162-sup-0003){ref-type="supplementary-material"}. To investigate the potentially altered pathways, the resulting data were further processed by GSEA using gene sets from the MSigDB.[16](#cas14162-bib-0016){ref-type="ref"} An overview of the top 20 gene sets enriched in A2780‐M3 is presented in Table [S3](#cas14162-sup-0004){ref-type="supplementary-material"}. We were looking for gene sets involved in cancer progression. In the GO category (MSigDB C5; included 1454 gene sets), we identified that the autophagosome‐related genes were enriched in A2780‐M3 compared to A2780 (normalized enriched score (NES) = 1.87; FDR = 0.13) (Figure [3](#cas14162-fig-0003){ref-type="fig"} and Table [S3](#cas14162-sup-0004){ref-type="supplementary-material"}). The information available on these genes and their rank metric scores are presented in the additional information (Table [S4](#cas14162-sup-0005){ref-type="supplementary-material"}). These findings suggest that A2780‐M3 has a higher autophagy potential and, thus, may tend to undergo autophagy when exposed to stresses.

![Identification of the gene sets enriched in A2780‐M3. A, Gene set enrichment analysis (GSEA) was applied. The top 20 enriched gene sets in the category of gene ontology (GO) were ranked using their normalized enriched scores (NES) and shown on a heat map. The GO_AUTOPHAGOSOME set showed the highest NES for A2780‐M3. B, The enrichment plot of GO_AUTOPHAGOSOME. The bottom portion showed the gene hits and their rank metric scores moving down the list of ranked genes](CAS-110-3204-g003){#cas14162-fig-0003}

3.4. Selected metastatic cell variants tend to undergo autophagy under stress {#cas14162-sec-0014}
-----------------------------------------------------------------------------

To verify the above hypothesis, several different stress conditions were applied. Under normal conditions, compared to A2780, A2780‐M3 was shown to have an equivalent amount of LC3‐II but had a higher basal level of p62; however, after being cultured at high density (5 x 10^6^ cells/cm^2^) for 12 hours, more LC3‐II and less remaining p62 were found to be present in A2780‐M3 compared to A2780 (Figure [4](#cas14162-fig-0004){ref-type="fig"}A‐D). Similarly, at normal density (5 x 10^4^ cells/cm^2^), A2780‐M3 also showed a greater accumulation of LC3‐II amount than parental A2780 when other stress conditions were applied, such as serum starvation (Figure [4](#cas14162-fig-0004){ref-type="fig"}E,F) and cisplatin treatment (Figure [4](#cas14162-fig-0004){ref-type="fig"}G,H).

![A2780‐M3 exhibits a higher autophagic ability under different stresses. A‐D, Cells seeded at high density (5 x 10^6^ cells/cm^2^) were harvested at indicated intervals. The amounts of LC3‐II (A, representative image; B, quantification) and p62 (C, representative image; D, quantification) were compared between groups. E‐H, Cells seeded at normal density were either starved (E, representative image; F, quantification) or treated with cisplatin (G, representative image; H, quantification) for indicated intervals. The amounts of LC3‐II were compared. For western blotting, β‐actin was used as a loading control for normalization. Quantification is shown as means ± SE of at least 3 independent experiments. I,Cells seeded at normal density were cultured in complete medium (control), medium without serum (starvation; upper panel) or medium with 20 μmol/L cisplatin (lower panel) for 12 h. The cells were then fixed and stained to detect LC3‐II puncta (red). The merged images include DAPI staining (blue). One representative image is shown for each group. J, For quantification, the numbers of LC3‐II puncta per cell were quantified using MetaMorph. Around 100 cells were analyzed in each group per experiment. Data were first normalized against their control groups (one‐fold) and the results were then expressed as fold changes. Quantification is shown as means ± SE of 3 independent experiments. \**P* \< .05, \*\**P* \< .01](CAS-110-3204-g004){#cas14162-fig-0004}

For further confirmation, the formation of autophagic puncta in cells was measured. Indeed, A2780‐M3 exhibited more autophagic puncta than A2780 when starved or when treated with cisplatin (Figure [4](#cas14162-fig-0004){ref-type="fig"}I,J). Incidentally, puncta observation was not able to be carried out at the high cell‐density condition because of the presence of severe cell aggregation and image overlap. Taken together, these results suggest that selected A2780‐M3 cells tend to undergo autophagic induction when they meet a variety of stress conditions.

In addition to the above, changes in autophagic ability were also assessed for SKOV‐3 and. SKOV‐3‐M3. As expected, SKOV‐3‐M3 cells accumulated more LC3‐II protein fragments than SKOV‐3 cells under either serum starvation (Figure [S3](#cas14162-sup-0001){ref-type="supplementary-material"}A and [S3](#cas14162-sup-0001){ref-type="supplementary-material"}B) or cisplatin treatment (Figure [S3](#cas14162-sup-0001){ref-type="supplementary-material"}C and [S3](#cas14162-sup-0001){ref-type="supplementary-material"}D). Consistently, as compared to parental SKOV‐3, more autophagic puncta were formed in SKOV‐3‐M3 when these cells encountered the above stress conditions (Figure [S4](#cas14162-sup-0001){ref-type="supplementary-material"}). To sum up, our findings lead us to the conclusion that the selected metastatic cell variants, namely A2780‐M3 and SKOV‐3‐M3, show a tendency to undergo autophagic induction under stress conditions.

3.5. Autophagy contributes to the growth effect of A2780‐M3 cells when under the stress due to high density {#cas14162-sec-0015}
-----------------------------------------------------------------------------------------------------------

Previously, A2780‐M3 was characterized as having acquired higher growth ability when under stress due to a high cell density (Figure [2](#cas14162-fig-0002){ref-type="fig"}E). We further verified whether high autophagic potency contributes to this phenomenon. Using the cell growth assay, it was found that addition of an autophagic inhibitor, either 3‐methyladenine (3‐MA) (Figure [5](#cas14162-fig-0005){ref-type="fig"}A) or wortmannin (Figure [5](#cas14162-fig-0005){ref-type="fig"}B), indeed significantly dampened the growth of A2780‐M3 but not that of parental A2780 cells. A similar effect could be seen when *ATG5* was knocked down in these cells (Figure [5](#cas14162-fig-0005){ref-type="fig"}C). In A2780‐M3 cells cultured for 24 hours, knockdown of *ATG5* did not show a distinct change in the expression of apoptosis‐related makers (Figure [S5](#cas14162-sup-0001){ref-type="supplementary-material"}). Taken together, these findings suggest that autophagy contributes to the growth potency of A2780‐M3 under the stress of high cell density.

![Inhibition of autophagy dampens the growth ability of A2780‐M3 at high density. For inhibitor treatments, cells seeded at high density (5 x 106 cells/cm^2^) were treated without or with 1 of 2 autophagic inhibitors, 3‐MA (A) or wortmannin (wort) (B). C, For knockdown experiments, control cells with luciferase (*Luc*) knockdown or cells with *ATG5* knockdown were seeded at high density. Cell viability was assessed at indicated intervals using AlamarBlue reagent. The fluorescence value of the cells in each group at day 0 served as the one‐fold control for data normalization. Data are shown as means ± SD. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001](CAS-110-3204-g005){#cas14162-fig-0005}

3.6. Enriched autophagy‐related genes in A2780‐M3 show prognostic significance regarding ovarian cancer progression {#cas14162-sec-0016}
-------------------------------------------------------------------------------------------------------------------

The above results lead us to the conclusion that an acquirement of autophagic ability by ovarian cancer cells will promote their aggressiveness in vivo. To make these results more clinically relevant, we further assessed the relationships between the autophagy‐related genes enriched in A2780‐M3 and the overall survival of ovarian cancer patients using Kaplan‐Meier Plotter,[17](#cas14162-bib-0017){ref-type="ref"} in which 1656 cases of ovarian cancer patients were included. Of interest, the expression levels of 73% (22 out of 30) of genes were significantly co--related with the patients' overall survival rate (*P *\<* *0.05) (Figure [6](#cas14162-fig-0006){ref-type="fig"}A‐C). Detailed information of the various *P*‐values and hazard ratios for each gene are provided in the additional information (Table [S5](#cas14162-sup-0006){ref-type="supplementary-material"}). Taken together, the above findings provide clinical support that autophagy is involved in ovarian cancer progression in humans.

![Correlation between enriched autophagy‐related genes and the clinical prognosis of ovarian cancer patients. A, A list of autophagy‐related genes enriched in A2780‐M3. Correlations between gene expression and the probability of overall survival of ovarian cancer patients (n = 1656) were analyzed using Kaplan‐Meier Plotter. Genes were sorted by their *P*‐values in a heat‐map manner. \#, *P *\>* *0.05. B, Pie chart of the *P*‐value distribution. The expression levels of 73% genes were significantly correlated to the overall survival of ovarian cancer patients (*P *\<* *0.05). C, Kaplan‐Meier curve of *NRBF2*, which exhibited the lowest *P*‐value in the above assay](CAS-110-3204-g006){#cas14162-fig-0006}

4. DISCUSSION {#cas14162-sec-0017}
=============

Ovarian cancer is the most lethal gynecologic malignancy. Currently, genomic and bioinformatic approaches that analyze genetic profiling on single biopsy tissues or biopsy tissues from different cancer stages are often used as the standard approaches for the assessment of molecular pathways or biomarkers important to ovarian cancer progression. However, ovarian cancer is a very heterogeneous disease in which different histological types may result from different origins and, thus, have distinct genetic patterns.[18](#cas14162-bib-0018){ref-type="ref"} Therefore, most conventional investigations lack appropriate origin controls for pathological comparison. For this reason, the in vivo selection model proposed in our study, which aims to generate sequential malignant metastases from the same cell line origin, may be a solution to this problem. Analysis of these derived malignant sublines would greatly advance our understanding of the genetic and molecular determinants crucial to cancer progression. Previously, a study that applied an ovarian clear‐cell carcinoma cell line RMG‐1 to in vivo selection suggests that Le^x^‐determinant on the cell surface is involved in the adhesion of cancer cells during dissemination[19](#cas14162-bib-0019){ref-type="ref"}; however, detailed mechanisms such as the transcriptional changes and the involved glycoproteins in selected cancer cells have not yet been explored. Using our in vivo peritoneal dissemination model, we identified that autophagy‐related genes were enriched in A2780‐M3 cells. A2780‐M3 cells tended to undergo autophagic induction upon exposure to different stress conditions. Autophagy is now known as a double‐edged sword involved in both cell survival and death.[20](#cas14162-bib-0020){ref-type="ref"} At the high‐density stress condition, we also, intriguingly, noticed that parental A2780 and A2780‐M3 behaved differently (Figure [5](#cas14162-fig-0005){ref-type="fig"}; and Figure [S5](#cas14162-sup-0001){ref-type="supplementary-material"}). A2780‐M3 cells kept proliferate, whereas blockage of autophagy, by either autophagic inhibitors or *ATG5* knockdown, efficiently reversed this phenomenon. It also seems that the above treatments do not trigger apoptosis. Taken together, these data suggest that autophagy acts as a protector for A2780‐M3 against the stress. By way of contrast, parental A2780 cells tended to grow better when blocking autophagy. It may be explained by the reason that parental A2780 cells would undergo autophagic cell death under the stress and, thereby, blockage of autophagy increases their growth ability. If this is true, then it raises another interesting question of how the abdominal microenvironment switches the autophagic death role towards survival in selected cancer cells.

In our results, we also found that selected SKOV‐3‐M3 is more sensitive to autophagic induction upon exposure to diverse stress conditions. However, cell‐based and animal experiments indicate that selected SKOV‐3‐M3 acquired a higher ability to form more metastases but not to increase the tumor size, which is what occurred with A2780‐M3. This might be because these 2 cell lines originate from different histological subtypes and, thus, inherit distinct metastasis‐related characteristics.[21](#cas14162-bib-0021){ref-type="ref"} Intriguingly, it also raises another question of whether increased autophagic response of SKOV‐3‐M3 cells contributes to the increase in the number of metastases in vivo. Although more studies are needed to solve this issue, previous reports have suggested that autophagy contributes to the dormancy and survival of SKOV‐3 cells.[22](#cas14162-bib-0022){ref-type="ref"}, [23](#cas14162-bib-0023){ref-type="ref"} When SKOV‐3 cells encounter some stress conditions, such as nutrient deprivation, autophagy induced by certain tumor suppressor machinery enables these cells to remain dormant[23](#cas14162-bib-0023){ref-type="ref"}; this may allow SKOV‐3 cells to evade anoikis when they are xenografted into mice in vivo.[22](#cas14162-bib-0022){ref-type="ref"} After succeeding in invasion, reduction in the suppressor machinery would allow the xenografts to grow rapidly. Thus, the above effect may partially explain our result that SKOV‐3‐M3 forms more metastases than SKOV‐3 in the intraperitoneal xenograft model.

In addition to the above, accumulating findings have also demonstrated that autophagy acts as a protector for ovarian cancer cells to desensitize these first‐line drugs, such as cisplatin and paclitaxel. For example, ERK pathway‐induced autophagy may counteract cisplatin‐induced cell death in OV433 cells,[24](#cas14162-bib-0024){ref-type="ref"} whereas YAP‐activated autophagy may contribute to cisplatin resistance in ovarian C13K cells.[25](#cas14162-bib-0025){ref-type="ref"} In contrast, Zhang et al[26](#cas14162-bib-0026){ref-type="ref"} showed that autophagy induced by thioredoxin domain containing 17 (TXNDC17) may promote paclitaxel resistance in SKOV‐3 cells. The above diversities may derive from the ovarian cell types used in the experiments because different cell lines may inherit distinct genetic characteristics due to the high heterogeneity of ovarian cancer. Nevertheless, these studies clearly link coordination of autophagy with ovarian cancer progression and also support our results that A2780‐M3 and SKOV‐3‐M3, although enhanced in different metastatic characteristics, both exhibit a higher autophagic response after *in vivo* selection.

In addition to autophagy, we found that several oncogenic signatures were also enriched in A2780‐M3 cells when browsing the C6 oncogenic gene sets in the MSigDB collections (Table [S6](#cas14162-sup-0007){ref-type="supplementary-material"}). Some of the gene sets, such as KRAS.DF.V1_UP, AKT_UP.V1_DN and YAP1_UP, may be predictable to be enriched in A2780‐M3 cells because they have been found by other studies to be important in ovarian cancer. For example, activating mutations and genomic amplifications of *KRAS* have been found with a significantly higher frequency in ovarian cancer.[27](#cas14162-bib-0027){ref-type="ref"}, [28](#cas14162-bib-0028){ref-type="ref"} In high‐grade serous ovarian cancer, amplification in *AKT* isoforms occurs in around 15% of cases.[27](#cas14162-bib-0027){ref-type="ref"} Furthermore, a nuclear YAP signal can be detected in 98% of patients with ovarian serous cystadenocarcinoma.[29](#cas14162-bib-0029){ref-type="ref"} The above genes have also been well known to play critical roles in the development and progression of many other cancers. More intriguingly, increasing evidence further indicates that the signals of these genes are involved in autophagy. Apparently, RAS activation upregulates basal autophagy in diverse cancer cells.[30](#cas14162-bib-0030){ref-type="ref"} In the gene set of KRAS.DF.V1_UP, non‐canonical IkappaB kinase TBK1 is selectively essential in cancer cells that contain mutant KRAS,[31](#cas14162-bib-0031){ref-type="ref"} whereas TBK1 directly controls autophagosomal engulfment of selected substrates through phosphorylating p62.[32](#cas14162-bib-0032){ref-type="ref"} In addition, AKT1 has been reported to play a key mediator in KRAS oncogene‐induced autophagy in some cancer cells.[33](#cas14162-bib-0033){ref-type="ref"} As to YAP, it has been proven that this gene promotes the survival of diverse cancer cells through activation of autophagic flux.[25](#cas14162-bib-0025){ref-type="ref"}, [34](#cas14162-bib-0034){ref-type="ref"} Therefore, it will be of great interest to characterize the molecular mechanisms that link the enriched oncogenic gene sets found in A2780‐M3 cells to the induction of autophagy in the ovarian cancer; these findings should provide new insights into the relationship between autophagy and ovarian cancer malignancy.
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